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The various segments of the collecting duct have interesting
and important roles in the urinary concentrating mechanism.
On one hand, the collecting duct contributes insignificantly to
the medullary interstitial concentrating process, but on the
other hand, urinary concentration occurs as the result of water
abstraction from the collecting duct as it courses from the
cortex to the papillary tip. Thus, the collecting duct seems to do
little work for medullary concentration. It, nevertheless, gets
credit for regulation of the final urine osmolality. The latter
occurs as a consequence of finely tuned mechanisms which
regulate the collecting duct's water permeability in an ambience
where the interstitial osmolality is controlled by highly inte-
grated mechanisms involving numerous different nephron seg-
ments. The purpose of this article is to review the specific role
of each segment of the collecting duct in the urinary concen-
trating mechanism, while other contributions in this Sympo-
sium will discuss the water permeability of the collecting duct
and the generation and maintenance of the medullary interstitial
osmolality.
Segments of the collecting duct
The collecting duct is not a segment with uniform morpho-
logical or functional characteristics, Table 1 [1—26]. Rather, it is
well appreciated that progressive histological differences exist
from the cortical surface to the papillary tip, and most striking
change being the progressive decrease in the number of inter-
calated (dark) cells from their obvious presence in the cortical
segment to their virtual absence in the papillary segment [11.
The segmentation of the collecting duct into distinct units is
based on location, not cell type, since the morphological
changes of the collecting duct are gradual. The cortical collect-
ing tubule (CCT) is that segment which begins at its junction
with the cortical connecting segment and runs a relatively
straight and unbranched course to the junction of the cortex and
outer medulla. The outer medullary collecting duct (OMCT)
begins at this junction and descends to the junction of outer and
inner medulla (the demarcation where the epithelium of the thin
ascending limb changes to the epithelium of the medullary thick
ascending limb of Henle). The OMCT is also a straight segment
without branching. The inner medullary collecting duct (IMCT)
is the terminal nephron segment of the collecting duct beginning
at the junction of the outer and inner medulla. Until recently
this segment was considered as a single unit, but it is becoming
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apparent that the early nonpapillary portions may have different
transport properties from the terminal or papillary portions
(PCD)' of the IMCT. The IMCT, and especially its terminal
segment, the PCD, characteristically join other terminal collect-
ing duct segments. Clearly this convergence of tubules de-
creases the number of PCDs with respect to earlier CCTs. The
inside diameter of the PCD progressively enlarges and the
height of the epithelial cells progressively elongates [27]. The
extensive branching of the IMCT has made the study of its
function difficult by both in vitro microperfusion and in vivo
micropuncture techniques. However, a few studies of the
transport properties of the PCD are available.
Cortical collecting tubule
To consider the function of the CCT in urinary concentration,
it is pertinent first to review the nature of the fluid which issues
out of the connecting segment to be processed by the CCT.
Previous contributions in this symposium have noted that a
large fraction of NaC1 has been absorbed by the preceding
nephron segments by both active and passive transport mech-
anisms. Also, Knepper and Roch—Ramel [28] discuss in detail
urea recycling and summarize why the relative concentration of
urea issuing out of the loop of Henle is quite high. Due to the
combination of these events, the tubular fluid entering the CCT
has a relatively low concentration of salt and high concentration
of urea (Fig. 1). The respective concentrations of these two
solutes are not fixed, but vary according to the physiological
status of the animal. However, of importance in all of the
conditions is the relatively high concentration of urea with
respect to the total solute concentration entering the CCT.
The major function of the CCT with respect to the operation
of the countercurrent multiplication system is the rise of urea
concentration as the fluid courses through its length. This
occurs as a consequence of salt and water absorption. Numer-
ous in vitro microperfusion studies have established that the
'Madsen and Tisher [27] have recently pointed out that the term
"papillary collecting duct" synonymously for IMCT is erroneous since
not all of the IMCT is in the papilla. They propose to use the
nomenclature of outer third (IMCD,), middle third (IMCD2), and inner
third (IMCD3) to divide the IMCT into subsegments. The term "papil-
lary collecting duct" as conventionally used would encompass roughly
the inner two—thirds of the IMCT as defined by Madsen and Tisher [27].
While this subsegmentation is intended to allow a more accurate
morphological and functional description of the IMCT, it too may be
oversimplified as there may be a gradual change in IMCT function as
one progresses toward the papillary tip. Thus, the use of the term PCD
will be retained in this manuscript.
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Table 1. Axial heterogeneity of the collecting duct systema
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Parameter CCT OMCT IMCT
Cell type 2/I to 3/1 [1, 2]b >5/1 [1, 21 All principal [21
principal/intercalated
Lumen voltagec Variably negative [3, 41 Always positive [1, 5, 6, 81 0 [7]
Major ionic transportc Na, Cl, HCO3 absorption [4—6, 9—111;
K HCO3 secretion [4—6, 12]
HCO3 [5, 8]; Cl secretion [81 Na, Cl, K absorption [7]
Net Na transport 34.2 [13]; 228 [6]; 31.8 [141 0 [61 11 [7]
pmoles/mm/min
Response to DOCA t Na, Cl, HCO3 absorption [6, 10, 15];
t K secretion [6, 15]; lumen—
negative voltage [6, 15]
t HCO3 absorption [16];
positive voltage [5, 8, 16]
lumen— K absorption [7]
Net Na transport after 92.4 [131; 54.0 [61; 51.6 [171 0 [6]
DOCA
Voltage response to Becomes lumen—positive [18] No change [191 No change [7)
peritubular ouabain
Abbreviations are: CCT, cortical collecting tubule; OMCT, collecting tubule from inner stripe of outer medulla; IMCT, inner medullary
collecting tubule, including papillary collecting duct
a Modified from Jacobson and Kokko [201
' References in parentheses
Voltages and transports measured from in vitro microperfusion of rabbit or rat tubules with symmetrical solutions. In vivo data on hamster and
rat show significant at lumen—negative voltages in papillary collecting duct [21—26].
Fig. 1. Segmental function of the collecting duct segments in urinary
concentration. The main function of the CCT is to raise the fractional
and absolute luminal concentration of urea. The OMCT raises the
absolute concentration of urea while the IMCT primarily adds urea to
the papillary interstitium and concentrates the luminal fluid maximally.
CCT actively absorbs Na and secretes K (Table 1). The
capacity of this transport process is significantly less than that
of the proximal convoluted tubule. However, the sodium ab-
sorption can be stimulated by aldosterone (Table 1), but due to
the tubulovascular relationships, the osmolality of the cortex is
invariant with respect to CCT salt absorption. Nevertheless,
the active absorption of salt decreases the fractional contribu-
tion of salt to the total luminal fluid osmolality and thereby
raises the fractional contribution of urea to luminal osmolality,
The disproportionate rise in urea concentration is critical to
formation of maximally.concentrated urine [29]. This high urea
concentration is generated and maintained by water abstrac-
tion, salt absorption and impermeability of the CCT to urea,
both in the presence and absence of antidiuretic hormone.
Thus, while the CCT has many other important homeostatic
regulatory functions, one of its main functions with respect to
the countercurrent multiplication system (CCMS) is to deliver
fluid to the OMCT with a relatively high concentration of urea
[291.2
Outer medullary collecting duct
The transport characteristics of the OMCT for salt are
surprisingly different from the CCT. As summarized in Table 1,
the net fluxes of Na, and Cl of OMCT's dissected from the outer
stripe as well as the inner stripe are essentially zero when
perfused with solutions similar in composition to that of the
bath. Furthermore, 0.5 mM ouabain, when added to the bath,
had no effect on Na transport [6]. Thus, these results show that
the OMCT does not actively transport salt, and therefore, does
not contribute to the high interstitial salt concentration. Indeed,
the gradient for Na movement is from the interstitium to lumen
so that a finite amount of Na could actually diffuse into the
lumen. However, this must be quantitatively insignificant due
to the low permeability of the OMCT to Na (Table 2).
2 main function of the CCTs is to deliver to the MCTs
reduced amounts of iso-osmotic fluid, to avoid dissipation of the
corticomedullary gradient by excessive free—water reabsorption along
the MCT.
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Table 2. Permeability characteristics of the collecting duct segmentsa
Parameter CCT OMCT IMCTb
NaC 0.08 [301" 0.39 [19] 0.92 [71
K 1.0 [30]
1.5 [19]
0.59 1191 4.0 [7]
Cl 4.7 [30] 0.48 [8] 1.2 [71
Urea 0.—i [31, 32] 0.31 [33] 2.19 [33]
13.8—36.2 [7]S
2—50 [34]"
Pf, hydraulic conductance sm/sec —ADH 6—19 [31, 35]
+ADH 165—375 [36, 37]
+ ADH 200
[34]
+ ADH 67 [7]
a Modified from Jacobson and Kokko [20], all data from in vitro microperfusion studiesb Data from rabbit and rat
C Permeability coefficients (x l0 cm/sec).
References in parentheses.
High permeabilities due to presence of exchange diffusion.
Determined electrophysiologically as PCI/PNa and calculated from Na permeability [19].
g Urea permeabilities in rat papillary collecting duct perfused in vitro. ADH increases permeability dramatically from 23.8 to 36.2. Rabbit and
guinea pig do not demonstrate such an ADH effect.
"Urea permeability increases from inner third of IMCT to papillary collecting duct of rat.
The absence of active salt transport out of the OMCT does
not mean that this segment does not have an important role in
the CCMS. Studies have demonstrated that it becomes highly
permeable to water in the presence of ADH (Table 2). Of
significance is that the OMCT remains impermeable to urea
both with and without ADH (Table 2). The result of these
events is the rise in absolute concentration of urea (Fig. 1).
Thus, the delivery of fluid with high urea concentration to the
IMCT is one of the main functions of the OMCT in the
operation of the CCMS.
Inner medullary collecting tubule
The characteristics of the IMCT have been examined by in
vitro and in vivo microperfusion and in vivo micropuncture
techniques. While each of the studies report their respective
findings as representative for the IMCT, recent morphological
[27] and theoretical [38] considerations suggest that major
functional differences may exist between the early portion of
the IMCT and the terminal papillary component. However, this
segment will be considered as a homogeneous unit, since
specific data to the contrary is just beginning to evolve. Such an
oversimplified consideration might introduce conclusions which
do not reflect as accurately the in vivo determined urea con-
centration profiles as predicted theoretically if nonuniform
characteristics of the IMCT are postulated [38].
A number of important differences exist between the IMCT
and its preceding segments. Direct in vivo micropuncture, in
vivo retrograde microcatheterization, and in vitro microperfu-
sion studies have demonstrated net salt absorption from the
terminal IMCT (Table 1). The net salt reabsorption across
IMCT is variable and increases with increased delivery [39], but
in general, the magnitude of salt absorption across this segment
is roughly equivalent to that of the cortical collecting tubule or
pars recta [7]. The transepithelial PD across the isolated
perfused PCD is near zero [7]. Similarly, Diezi et al [40] have
measured the transepithelial PD to be 0 to —10, lumen negative,
in the in vivo rat. Others have shown that PD to be more
negative (Table 1). The reason for this variation is not clear.
The salt absorption does not appear to be influenced to a major
degree by prostaglandins [41] or mineralocorticoids [7]. Thus,
the mechanism of salt absorption across IMCT differs from that
of CCT or OMCT. There are no direct studies to determine
whether the transport capacity of the IMCT varies with respect
to its axial position; however, theoretical considerations sug-
gest that active salt transport increases in the direction of the
papillary tip [38].
Urea transport characteristics of the IMCT are also quite
different from the cortical and outer medullary collecting ducts.
As pointed out earlier, the CCT and OMCT are relatively
impermeable to urea, both in the presence and absence of ADH
(Table 2). The initial studies of Morgan and Berliner [42]
demonstrated that the urea isotopic permeability coefficient of
the rat papillary collecting duct without ADH was quite high
(13.8 x l0 cm/sec) and increased even further (20.2 X l0
cm/sec) in response to ADH. These studies were conducted in
a unique preparation when IMCTs of isolated rat papillae were
perfused in vitro. Similarly, studies on in vitro microperfused
segments of the IMCT of rat, rabbit, guinea pig [7], and human
[7] have shown relatively high isotopic urea permeabilities
(Table 2). Of further interest is the recent demonstration that
the urea permeability of the rat IMCT increases from its initial
third toward the papillary tip [34]. In IMCT of rat and man urea
permeability rises in response to ADH, but this rise was not
demonstrated in rabbit and guinea pig [7] (Table 2). Thus,
differences do exist in urea permeabilities between IMCTs
obtained from different species.
An appreciation of the transport characteristics of the IMCT
helps in understanding its two main functions in the operation of
the countercurrent multiplication system, namely: 1) addition of
urea to the papillary interstitium; and 2) creation of maximally
concentrated urine by equilibration of effective osmolalities
between the tabular fluid and the papillary interstitium.
The addition of urea to the papillary interstitium can be
explained by the fact that fluid issuing from the OMCT is rich in
urea. Once this fluid enters the IMCT with its finite urea
permeability, urea will diffuse from the IMCT down a chemical
gradient. The quantity of urea which diffuses into the papillary
interstitium will vary from species to species depending on the
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There is another explanation (Valtin, this issue): papillary tissue
osmolality is a mean value which underestimates the actual value of
interstial osmolality at the very tip of the papilla, with what final urine
is in ultimate equilibrium.
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permeability of the IMCT to urea. The quantity of urea effiux is
also a function of the chemical driving forces for urea and the
contact time of the luminal fluid with the IMCT.
The second main function of the IMCT is to form maximally
concentrated urine. Indeed, the freezing point osmolality of the
final urine can be higher than that of the papillary interstitium
with which it osmotically equilibrates.3 This seemingly unlikely
event is the result of unequal reflection coefficients (o) of the
IMCT to urea and NaCI. The o urea in the rat IMCT was
initially determined to be 0.4 by Morgan and Berliner t42J as
compared to o- NaC1 of 0.9. Rocha and Kudo [7], using the in
vitro microperfusion technique, determined similar cr urea of
0.35 and crNaCl of 1.0 in the rat IMCT. Likewise, the rabbit a-
urea is significantly less than unity while a- NaC1 was deter-
mined to be one [7]. Thus, as effective osmotic equilibration
occurs across the IMCT, this process actually raises the freez-
ing point osmolality of the urine to higher values than the
papillary interstitium, since the papillary interstitium has a
higher fraction of its total osmolality due to NaCI rather than
urea when compared to luminal IMCT osmolality [38, 43]3
A third possible function of the IMCT in the overall urinary
concentrating mechanism is the generation of high medullary
tonicity due to the combination of active salt and passive urea
transport out of the IMCT. While this is a theoretical possibil-
ity, it currently is an unresolved issue, and recent computer
simulations suggest that the combination of these two processes
will contribute very little to the progressive rise in tissue
osmolality toward the papillary tip [38].
Summary
In summary, the three major segments of the collecting duct
subserve three different functions in the urinary concentrating
mechanism. The main function of the cortical collecting tubule
is to raise the fractional solute contribution and absolute
concentration of urea in fluid that it delivers to the outer
medullary collecting duct. The function of the outer medullary
collecting duct is to raise further the absolute intraluminal urea
concentration. Finally, the inner medullary collecting duct has
two major functions in urinary concentration: first, it adds net
urea to the papillary interstitium, and second, it allows the
generation of maximally concentrated urine due to osmotic
water equilibration. Indeed, the urine osmolality can rise to
levels higher than the papillary interstitial osmolality as a
consequence of inequalities of the reflection coefficients of urea
and sodium chloride.
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